Abstract: A low-complexity technique for frequency domain channel estimation based on constantamplitude zero-autocorrelation (CAZAC) sequences is theoretically investigated.
Introduction
One of the most efficient approaches for multi-input multi-output (MIMO) channel estimation in reconfigurable coherent optical networks with higher-order modulation, flexible switching and wavelength routing requires to periodically transmit training sequences (TS) between the payload of data. The channel is then estimated by means of the received data and the known transmitted TS (in the literature, training-based, pilot-assisted or data-aided channel estimation refer to the same technique).
The TS structure provides knowledge about the channel state information (CSI) and therefore its length should be longer than the channel impulse response (CIR) to be estimated. To keep the requirement for short TS, chromatic dispersion (CD) compensation should be performed before the training-based MIMO equalizer. In addition, the TS period needs to be selected according to the specified state of polarization (SOP) tracking and processing delay.
In this paper we investigate a novel method for frequency domain (FD) channel estimation based on CAZAC sequences. CAZAC refers to the constant amplitude (CA) feature due to the fixed norm property of the roots-of-unity class of codes and to the ideal (impulse-like) periodic zero-autocorrelation (ZAC) property of the code set [1] .
CAZAC Training Sequences
Optimum channel estimation can be performed by employing perfect-squares minimum-phase (PS-MP) CAZAC sequences, described by Eq. (1):
For sequences of length N = 2 2m symbols with m ∈ {1, 2, 3, ...}, the constellation plot refers to a phase-shift keying (PSK) modulated signal (i.e. m = 1 refers to BPSK, m = 2 to QPSK, m = 3 to 8PSK and so on).
Since the PS-MP CAZAC sequences have even lengths (power of 2), the use of fast Fourier transform (FFT) operations keep the receiver complexity significantly lower than that of conventional single carrier systems with time domain (TD) equalizer structure [2] . In principle, the modulation of the TS and of the payload data is independent assuming that the modulator allows to generate all relevant constellation points of both, the TS and the payload data.
For a 2 × 2 MIMO, the TS can be composed of two independent blocks c 1 [n] and c 2 [n + N/2] sent simultaneously one per polarization. In addition, the TS can be (optionally) framed by guard intervals which continuously pursue the adjacent sequence. The maximum length of the CIR that can be estimated is N/2.
Channel Estimation based on CAZAC Training Sequences
A 2×2 MIMO system can be described in FD by the following matrix vector multiplication:
In Eq. (2) 
In Eq. (3) ) is due to the orthogonality property of the TD CAZAC sequences. This effect is clearly visible from the TD representation of the estimated channel elements illustrated in Fig. 1 , which is translated into a N/2-symbol circular shift. To eliminate redundancy and to guaranty orthogonality between the channel coefficients at each frequency point, we window the CIR as described by Eq. (4). 
where rect [n] takes 0 for N/4 + 1 ≤ mod(n − 1, N) ≤ 3N/4 and 1 elsewhere. The estimated channel matrix H [w k ] is finally used to implement the 2×2 MIMO FD equalizer. Zero-forcing (ZF) and minimum-mean-square-error (MMSE) solutions have been considered in our investigations. Performance of CAZAC-based FD equalization has been recently shown in [3] , whereas powerful optical performance monitoring (OPM) has been reported in [4] [5] .
